A stable and very bright white organic light-emitting diode ͑WOLED͒ was fabricated with the structure ITO/m-MTDATA ͑30 nm͒ / NPB ͑30 nm͒/DPVBi ͑11 nm͒ / Alq 3 : DCJTB͑50 nm͒ / LiF ͑1 nm͒ /Al ͑250 nm͒. White light emission was achieved by combining blue and orange emissions emitted from DPVBi and Alq 3 :DCJTB layers, respectively. Inserting an m-MTDATA layer between ITO and NPB improved the charge balance in the recombination zone, improving the stability of the emission color of WOLED. The maximum luminance was 20 590 cd/ m 2 at 13 V with CIE coordinates of x = 0.30, y = 0.31. The maximum power and current efficiencies were 6.01 lm/ W at 5 V and 6.2 cd/ A at 5 V, respectively. Conversely, the WOLED without an m-MTDATA buffer layer exhibited unstable emission characteristic.
I. INTRODUCTION
Pople ͑1963͒ conducted pioneering research on organic electroluminescence ͑EL͒ in which he applied hundreds of volts to anthracene crystal to observe the luminescence. However, the findings were of little value at that time, because the voltage requirement was high and the luminescence efficiency was low. In 1987, Tang and VanSlyke of Kodak manufactured a double-layer organic light-emitting diode ͑OLED͒ by vacuum evaporation, with markedly improved performance. 1 The performance was enhanced by the effective electron-hole recombination, and the green electroluminescent emission which was confined in the diamine and tris-͑8-hydroxy-quinolinato͒-aluminium ͑Alq 3 ͒ interface. Organic electroluminescence devices, especially white OLEDs, have attracted much attention because of their potential applications in full color displays with color filter or as backlights and illuminants. [2] [3] [4] They have the advantages of a short response time, a wide angle of vision, a simple fabrication process, a low turn-on voltage, a high luminescence efficiency, and a low power dissipation. 5, 6 However, the stability of emission color, and the luminance of white OLEDs ͑WOLEDs͒ must be improved for practical use. Accordingly, this study presents the electroluminescence of a stable and very bright WOLED based on a 4,4Ј, 4Љ-tris͑N-3-methylphenyl-N-phenyl-amino͒-triphenylamine ͑m-MTDATA͒ buffer layer. The organic substances 4.4Ј-bis͑2,2-diphenyl-ethen-1-yl͒-diphenyl ͑DPVBi͒, Alq 3 and 4-͑dicyanomethylene͒-2-tert-butyl-6-͑1,1,7,7-tetramethyljulolidin-4-yl-vinyl͒-4H-pyran ͑DCJTB͒ were used as blue, green, and red emitting materials, respectively. N, NЈ-di͑naphthalene-1-yl͒-N,NЈ-diphenyl-benzidine ͑NPB͒ was used as the hole-transporting material. Herein, DPVBi emits strong fluorescence in the blue region, and has a good film forming capacity because of its nonplanar molecule structure. 7, 8 DCJTB has excellent chemical stability and chromaticity, and Alq 3 is a preferred material for making emitting and electron-transporting layers. 9 Additionally, NPB, which is easily synthesized and sublimed, is extensively used as a hole-transporting material. Meantime, the biphenyl structure of NPB contributes to the high electroluminescence efficiency and operational stability of the OLED. Moreover, the m-MTDATA has advantages of low ionization potential ͑ϳ5.1 eV͒, superior hole transport capacity, and low leakage current. 10, 11 Therefore, the ITO/m-MTDATA interface can provide the trap-free space-charge-limited ͑SCL͒ current at the voltages used in OLEDs. 12 This investigation discusses the effect of the m-MTDATA layer on the emission property of WOLED. Finally, the variations of the stability of the emission color and the luminance of WOLED with the bias voltage were measured and analyzed. Figure 1 presents the chemical structures of organic materials used in this investigation for fabricating white organic light-emitting diode ͑WOLED͒. DPVBi, Alq 3 and DCJTB were selected as blue, green, and red emitting materials, respectively. NPB and m-MTDATA were used as the holetransporting and buffer layer materials, respectively. An ITOcoated glass with a resistivity of 15 ⍀ / ᮀ was used as the starting substrate. The ITO surface was cleaned with an organic solvent and then dried with highly pure nitrogen gas. It was then treated with UV-ozone for 25 min. All organic materials were subsequently evaporated at a deposition rate of 0.5-1 Å / s in a high vacuum ͑about 10 −6 Torr͒ to prevent atmospheric moisture and oxygen from permeating the process chamber. The thickness of the deposited films was monitored in situ using an oscillating quartz thickness monitor. Finally, the Al cathode was vapor-deposited onto the organic film at a deposition rate of 3 to 4 Å / s in a background pressure of 10 −6 Torr. The essential structure of WOLED was ITO/ NPB ͑30 nm͒/DPVBi ͑11 nm͒ / Alq 3 : DCJTB ͑50 nm͒ / LiF͑1 nm͒ /Al͑250 nm͒ ͑Device1͒. Another device was made with the structure ITO/m-MTDATA ͑30 nm͒ / NPB ͑30 nm͒ / DPVBi͑11 nm͒ / Alq 3 : DCJTB ͑50 nm͒ / LiF ͑1 nm͒ /Al ͑250 nm͒ ͑Device2͒ to compare the emission property. The CIE coordinates and EL spectra of the devices were measured using a PR650 spectra scan spectrometer and the current-voltage-luminescence characteristics were simultaneously measured by a Keithley 2400 programmable voltage-current source. All the measurements were made at room temperature in air with devices not being encapsulated. Figure 2 shows the energy-level diagram of the WOLED. The highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ of each layer in the WOLED structure are aligned with each other. 13, 14 White emission was obtained by combining blue emission from DPVBi with orange emission from Alq 3 : DCJTB. In this situation, Alq 3 not only emitted its own green light but also partially transferred its excitation energy to DCJTB for red emission. Therefore, orange emission from Alq 3 : DCJTB was achieved. The dopant concentrations of Alq 3 and DCJTB must be optimized to yield the desired emission color. A high DCJTB concentration resulted in low efficiency because of the high concentration quenching effect of the aggregation of the dopants. In this work, optimal orange emission was obtained when the deposition rate ratio of Alq 3 to DCJTB was 1:0.01.
II. EXPERIMENTAL

III. RESULTS AND DISCUSSION
The devices were not encapsulated at the EL property measurements. Figure 3 plots the current-voltage ͑I-V͒ characteristic curves of Device1 and Device2. The turn-on voltage of Device2 exceeded that of Device1, because a 30 nm thick m-MTDATA layer was formed in Device2. However, the m-MTDATA buffer layer decreased the injection of holes from ITO to NPB. Consequently, the carrier balance in the recombination zone and the stability of the WOLED were improved. 15, 16 In contrast, for the WOLED without a m-MTDATA layer ͑Device1͒, the accumulation of positive space charges near the ITO contact increased with voltage, causing dielectric breakdown. 
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Yang, Liu, and Su J. Appl. Phys. 100, 083111 ͑2006͒ when the applied voltage was 4-9 V. Although the maximum luminance of Device1 was 23 090 cd/ m 2 at 10 V, the emission color of WOLED was changed, and the CIE coordinates were shifted to x = 0.42, y = 0.49 at 10 V. The variation in the Luminescence color was attributed to the shift of the recombination zone at various biases, resulting from the difference between the mobility of hole and electron carriers. 18 The diffusion length of the excitons was typically directly proportional to the applied voltage, so the excitons in the DPVBi layer diffused easily to the doped layer of Alq 3 : DCJTB as the voltage was increased. Consequently, a variation in the emission color was observed.
The WOLED with an m-MTDATA layer ͑Device2͒ emitted white light even at a bias voltage of 13 V, as shown in Fig. 5͑b͒ . The CIE coordinates of Device2 biased at 13 V were x = 0.30, y = 0.31. Table I compares the electroluminescence ͑EL͒ properties of Device1 and Device2 at various voltages and electric fields. White light was emitted when Device1 and Device2 were operated at an electric field of 0.098ϫ 10 9 V / cm. However, when the electric field was at about 0.107ϫ 10 9 V/cm ͑ϳ10 V of Device1͒, the color emitted by Device1 changed, while Device2 continued to emit white light at that electric field strength ͑ϳ13 V͒, although Device2 broke down at a higher electric field, because Joule heat was generated. Table I revealed that the stability of the white OLED was improved when an m-MTDATA layer was fabricated ͑Device2͒. Table II presents the CIE coordinates of WOLED of Device1 and Device2 at different bias voltages. The CIE coordinates of Device2 were all within the white region.
Device2 emitted at 4 V. The insert in Fig. 4 plots the power and current efficiencies of Device2 as functions of applied voltage. The maximum power and current efficiencies were 6.01 lm/ W at 5 V and 6.2 cd/ A at 5 V, respectively. The high color stability and high luminescence of Device2 were obtained by the addition of an m-MTDATA buffer layer, which slowed down the transportation of holes to the NPB medium. The gradual decrease in efficiency was attributed to singlet-heat annihilation ͑SHA͒ and singletsinglet annihilation ͑SSA͒, 19 which generated Joule heat and caused singlet-singlet exciton collisions. WOLED were referred to the optimal thickness of the organic layers, an appropriate ratio of Alq 3 and DCJTB dopants, and improved charge balance in the recombination zone when m-MTDATA was inserted between ITO and NPB layers. The picture of the performance of WOLED ͑Device2͒ is shown in Fig. 7 .
IV. CONCLUSIONS
A stable and very bright white-emitting OLED ͑WOLED͒ was fabricated with an ITO/m-MTDATA ͑30 nm͒ / NPB ͑30 nm͒/DPVBi ͑11 nm͒ / Alq 3 : DCJTB ͑50 nm͒ /Al ͑250 nm͒ structure. Although the maximum luminance of the WOLED without an m-MTDATA layer reached 23 090 cd/ m 2 at 10 V, the CIE coordinates were shifted to x = 0.42, y = 0.49. A highly efficiency WOLED with m-MTDATA as a buffer layer inserted between ITO and NPB reduced the hole injection rate from the ITO anode to the NPB transporting layer, improving the charge balance in the recombination zone, and increasing the stability and luminance of the WOLED. A maximum luminance of 20 590 cd/ m 2 and CIE coordinates at x = 0.30, y = 0.31 were obtained when the bias voltage was at 13 V. Maximum power and current efficiencies of 6.01 lm/ W at 5 V and 6.2 cd/ A at 5 V, respectively, were achieved. 
